Obesity is a major global public health concern. Immune responses implicated in obesity also control certain infections. We investigated the effects of high-fat diet-induced obesity (DIO) on infection with the Lyme disease bacterium Borrelia burgdorferi in mice. DIO was associated with systemic suppression of neutrophil-and macrophage-based innate immune responses. These included bacterial uptake and cytokine production, and systemic, progressive impairment of bacterial clearance, and increased carditis severity. B. burgdorferi-infected mice fed normal diet also gained weight at the same rate as uninfected mice fed high-fat diet, toll-like receptor 4 deficiency rescued bacterial clearance defects, which greater in female than male mice, and killing of an unrelated bacterium (Escherichia coli) by bone marrow-derived macrophages from obese, B. burgdorferi-infected mice was also affected. Importantly, innate immune suppression increased with infection duration and depended on cooperative and synergistic interactions between DIO and B. burgdorferi infection. Thus, obesity and B. burgdorferi infection cooperatively and progressively suppressed innate immunity in mice.
Obesity is associated with hypertension, hyperglycemia, hyperlipidemia, and hypercholesterolemia. We and others have recently found that obesity-independent hyperglycemia and obesity-independent hypercholesteremia in mice are associated with disrupted innate and adaptive immune responses to the Lyme disease pathogen Borrelia burgdorferi and impaired control of bacterial burden and/or B. burgdorferi DNA clearance from tissues (Toledo, Monzón, Coleman, Garcia-Monco, & Benach, 2015; Javid et al., 2016) . Therefore, metabolic conditions associated with obesity can affect B. burgdorferi infection in mouse models. Infection with B. burgdorferi has been increasing in incidence in parallel with obesity in much of the industrialized world (Finucane et al., 2011; Mead, 2015) . Approximately 300,000 B. burgdorferi infections occur annually in the United States (Mead, 2015) , but the potential effects of obesity itself on B. burgdorferi infection and Lyme disease outcomes have not been examined. The purpose of the present study was to evaluate the potential interplay of obesity and infection in mouse models of B. burgdorferi infection.
We investigated the effects of HFD feeding (diet-induced obesity [DIO]) on B. burgdorferi infection, infection-dependent pathologies and innate immune responses in mice. DIO in mice is the animal model most commonly used to investigate mechanisms underlying human obesity and associated metabolic syndrome (Wang & Liao, 2012) .
Our results indicated that unlike for obesity-independent hyperglycemia, DIO was associated with more severe infection-dependent pathology and widespread inhibition of innate immune responses to B. burgdorferi infection and that innate immune suppression in DIO was dependent on B. burgdorferi infection itself.
| RESULTS
To determine if DIO affected B. burgdorferi infectivity, infection outcomes and innate immune responses in mice, we conducted most of our studies in male C3H/HeN mice infected with 1 × 10 4 of B31 5A4-derived B. burgdorferi. However, mouse strains differ in the severity of pathology induced by B. burgdorferi infection, and B. burgdorferi strains differ in their pathogenicity and tissue tropism patterns. Therefore, we also examined a subset of experimental parameters (bacterial DNA copy number and carditis) in several mouse strains and for four distinct B. burgdorferi strains, as well as in both male and female mice, as described below. This approach permitted us to determine if DIO had effects on B. burgdorferi infection that were observed across multiple host and bacterial genetic backgrounds. It also permitted identification of B. burgdorferi and mouse strains and tissues that were most affected by DIO. Figure S1a provides details of all mouse and bacterial strains used in these studies and a flowchart summarizing dietary preconditioning and infection timelines of experiments. It is important to note that due to the duration of dietary preconditioning (8-12 weeks), all mice were mature adults at the time of infection (13 weeks for C57 and 16-18 weeks for C3H), and were thus considerably older than the juvenile animals (3-5 weeks) typically used in B. burgdorferi infectivity studies, which are more susceptible to the development of Lyme disease pathology than older animals (Barthold, Cadavid, & Philipp, 2010) .
We investigated the effects of DIO on B. burgdorferi infection in the most common mouse models of DIO (male C57BL/6) (Wang & Liao, 2012) and Lyme disease (male and female C3H) (Barthold et al., 2010) . C57BL/6 and C3H mice are respectively resistant and susceptible to the development of B. burgdorferi-induced carditis and arthritis (Barthold et al., 2010) . Experiments were also performed comparing wild-type C3H/HeN and toll-like receptor 4 (TLR4)-deficient C3H/ HeJ male mice to determine whether TLR4 status affected B. burgdorferi infection in DIO. TLR4 is not required for immune responses to B. burgdorferi infection in vivo, but contributes to B. burgdorferi-elicited cytokine secretion in macrophages, promotes the development of insulin-resistant hyperglycemia in response to HFD, and is a key metabolic sensor of lipids (Glickstein & Coburn, 2006; Weis & Bockenstedt, 2010; Jin et al., 2013; Cervantes et al., 2014; Petnicki-Ocwieja & Kern, 2014) . In addition, we compared effects of DIO in male and female C3H/HeN mice, because sexual dimorphism in innate and adaptive immunity results in sexually dimorphic outcomes in certain infections, as well as in DIO (Markle & Fish, 2014; Singer et al., 2015) . Finally, DIO effects were also examined in male HeN mice infected with four B. burgdorferi ospC strain types associated with disseminated infection in U.S. clinical populations, GCB726 (B31 5A4 NP1, ospC-type A), BL214 (ospC-type B), N40 (ospC-type E), and 297 (ospC-type K) (Petzke & Schwartz, 2015) .
| Weight gain in mice fed HFD and following B. burgdorferi infection in ND groups
At time of infection (T i ) all mice fed HFD weighed 26% more on average than mice fed control normal diet (ND) and were thus obese ( Figure 1a ) (Wang & Liao, 2012) . Ad libitum (non-fasting) blood glucose levels in mice fed HFD were on average 10-20% greater than in ND counterparts (corresponding to mild hyperglycemia) and were not markedly affected by B. burgdorferi infection ( Figure S1b ). These increases in blood glucose were approximately 15-30 times smaller than the increases observed in obesity-independent hyperglycemia models, where blood glucose typically increases by more than threefold compared to normoglycemic mice (Javid et al., 2016) . Surprisingly, infected mice fed ND weighed 8% more (p < 0.05) on average than mock-infected controls at time of sacrifice ( Figure 1a ). A similar weight increase of 10% was observed in ND infected mice from individual experimental groups, although this weight gain was not significant in all experimental groups ( Figure S1c, were similar in mice fed ND and HFD (p > 0.05; Figure S2a ), and the percentage of tissues/mouse from which B. burgdorferi could be cultivated did not differ between diet groups over the course of infection (p > 0.05; Figure 1b ). Thus, DIO did not affect B. burgdorferi infectivity or persistence of cultivatable bacteria.
We also evaluated dissemination and persistence by measuring the percentage of tissues that were positive for B. burgdorferi flaB DNA by quantitative polymerase chain reaction (qPCR) (Figure 1b Progressive, systemic, and toll-like receptor (TLR)4-dependent impairment of Borrelia burgdorferi clearance in diet-induced obesity (DIO). (a) Body weight at time of infection (T i ) and final sacrifice (T f ) for mice preconditioned with normal (ND) or high-fat diet (HFD) and infected for 4 weeks with 1 × 10 4 B. burgdorferi (+Bb) or vehicle (mock: bacterial cultivation medium alone). Mean ± 95% confidence intervals (CIs) are shown for all mouse sexes and strains and bacterial strains analyzed in this study. At T i , all HFD mice were ≥25% heavier than age-, sex-, and strain-matched ND controls and were obese. N ≥ 30 (T i ) and 98 mice (in each of T f mock and T f + Bb groups) per diet group. * indicates p < 0.05 HFD versus ND within time point (% difference shown above HFD columns). † indicates p < 0.05 T f + Bb versus T f mock for ND (% difference shown above T f + Bb column). # indicates p < 0.05 T f versus T i within diet. Weight and blood glucose values for individual experiments are provided in Figure S1c Figure S2b . (d) Mean ± SEM fold-differences (HFD vs. ND) in percentage of qPCR-positive tissues and median flaB copy number/tissue 1, 3, 4, and 8 weeks after infection of male C3H/HeN mice with 1 × 10 4 GCB726. Average fold differences in median flaB copy number/tissue were calculated by normalizing DNA concentration-adjusted values for each tissue from each mouse to the median flaB copy number for the same tissue from ND mice. Then, for each HFD mouse, median fold differences obtained for each tissue were averaged to obtain the mean fold difference/tissue across all tissues. Shown in panel D are the means of mean fold difference/tissue for all mice within the HFD group. r: Pearson correlation coefficient: copy number fold difference versus time. N = 5-11 mice/diet group and time point. * indicates p < 0.05 copy number versus % qPCR-positive fold differences. Raw values are provided in Figure S2c Figure S2e -k. Each diet group for each experimental group contained 9-11 mice. Statistical comparison between diet groups for this meta-analysis was performed by two-way ANOVA, and each individual experimental group was equally weighted, to control for differences in mouse numbers in individual groups. (f) Mean ± SEM fold-differences (HFD vs. ND) in median bacterial burden/tissue for individual mouse strains and sexes and bacterial strains. HeJ mice are TLR4-deficient. N ≥ 9 mice/diet group for individual experiments. N = 9-11 mice/diet group and experimental condition. * indicates p < 0.05 HFD versus ND. † indicates p < 0.05 versus male HeN infected with GCB726 Belperron, 2012; Hodzic, Imai, Feng, & Barthold, 2014) . The percentage of qPCR-positive tissues did not differ in ND and HFD groups at 8 weeks post-infection (p > 0.05; Figure 1b ). Together, these results indicated that DIO did not affect B. burgdorferi infectivity or persistence of cultivatable bacteria, but was associated with small but significant increases in numbers of qPCR-positive tissues at the acute (3-4 weeks) phase of infection.
Although the percentage of B. burgdorferi-positive tissues did not increase after 3-4 weeks, average flaB copy number/tissue increased in HFD compared to ND groups as infection progressed, with the greatest fold difference in copy number/tissue observed at 8 weeks ( Figure 1d ). Because increased copy number at 8 weeks was not accompanied by increased frequency of qPCR-positive or culture-positive tissues in DIO (Figure 1b,d) , it was likely that elevated load reflected impaired clearance of non-cultivatable bacteria and/or bacterial debris from tissues and not greater bacterial proliferation or dissemination.
Consistent with known differences in tissue tropism among B. burgdorferi strains, the distribution of flaB copy number among the nine tissues examined varied for different bacterial strains and mouse strains and sexes, in both ND and HFD groups ( Figure S2e To compare the effects of DIO on bacterial DNA copy number for different mouse strains, sexes, and B. burgdorferi strain, we calculated the median HFD:ND copy number fold difference in each tissue, then compared the average of fold differences in all tissues (fold difference/ tissue) across all experimental groups (Figure 1f ). Overall, DIO was associated with a significant 2.2-fold increase in bacterial DNA copy number per tissue across all mouse strains, sexes, and B. burgdorferi strains ( Figure 1f ). This effect was most pronounced for female mice ( Figure 1f ), even though colonization frequency and bacterial DNA load across all tissues did not differ for male and female mice under normal dietary conditions (p > 0.05; Figure S2b ,e,j). Consistent with previous reports (Weis & Bockenstedt, 2010) , TLR4 deficiency in HeJ mice did not affect global colonization frequency or bacterial DNA load across all tissues under ND conditions (p > 0.05; Figure S2e ,k). However, TLR4 deficiency protected against DIO-dependent increases in bacterial copy number (Figure 1f : compare male HeN and HeJ groups infected with GCB726), indicating that TLR4 function contributed to impaired bacterial clearance in DIO. Collectively, these data showed that DIO was associated with progressive, systemic, and TLR4-dependent impairment of B. burgdorferi clearance and that this effect was sexually dimorphic.
| Increased Lyme carditis severity in DIO
To determine if DIO affected the pathological outcomes of B. burgdorferi infection, we evaluated inflammation in tibiotarsal joint, heart, brain, and liver. No overt, infection-dependent differences in inflammation were observed in joints, brain, or liver of either ND or HFD mice under multiple experimental conditions (mouse strains, sexes, and bacterial strains), as determined by a murine veterinary pathologist (data not shown). B. burgdorferi-dependent arthritis was presumably not detected in either diet group because animals were considerably older than the optimal age for induction of this pathology in mice (3 weeks) (Barthold et al., 2010) . However, inflammation was significantly elevated in the hearts of mice from experimental groups where bacterial DNA burden was increased in DIO ( Figure 2 ).
Prolonged hyperglycemia, which frequently accompanies DIO, can result in reduced cellular density in cardiac tissues as a result of excess extracellular matrix accumulation (Bugger & Abel, 2009 ). Inflammation FIGURE 2 Increased Lyme carditis severity in diet-induced obesity (DIO). (a) Mean ± standard error of the mean (SEM) carditis (inflammation) scores, calculated as described in experimental procedures by measuring mean numbers of nuclei/region of interest in heart sections from mice infected with indicated bacterial strains, and age-, sex-, and strain-matched mock-infected mice (−Bb). Global values (−Bb and +Bb) are means for all sexes and bacterial strains combined. Representative histology images are provided in Figure S3 . (b) Median Borrelia burgdorferi DNA copy number in hearts for indicated mouse strains and sexes and bacterial strains, and all groups (ALL). Each data point corresponds to the copy number values for one mouse. For a and b, values above datasets indicate significant fold-differences for high-fat diet (HFD) versus normal diet (ND) groups. N ≥ 9 mice/diet group for individual experiments. * indicates p < 0.05 HFD versus ND. † indicates p < 0.05 versus age-, sex-, and diet-matched mock-infected control group ( † symbols placed above and below mean values for each infected diet group) in cardiac tissues from hyperglycemic mice must therefore be measured using approaches that take into account potential changes in cell density (cellularity). To measure carditis, we adapted a method for quantifying multifocal cardiac inflammation that entails counting nuclei/field of view in multiple sections (Diebold et al., 1995) . Using this method, we found that hearts of mock-and B. burgdorferi-infected HFD mice were not hypocellular (Figure 2a ), although unstained globular structures suggestive of fat deposits and/or adipocytes were sometimes observed ( Figure S3a) . B. burgdorferi-infected animals in all experimental and diet groups exhibited significant cardiac hypercellularity compared to mock-infected controls, indicating the presence of infection-induced infiltration and proliferation of inflammatory cells (Figure 2a ). Comparison of nuclei counts with flaB copy number ( Figure 2b ) revealed a striking correspondence between bacterial DNA burden and hypercellularity in hearts of ND and HFD mice.
Hypercellularity was significantly elevated in all HFD infected groups where flaB copy number was greater than in ND infected controlsthat is, in GCB726-infected female mice and N40-and BL214-infected male mice-and was greater in GCB726-infected ND male mice compared to HFD counterparts, where cardiac burden was higher under ND than HFD conditions (Figure 2a Mean ± standard error of the mean (SEM) cell count/ml blood for white blood cells (a: WBC) and neutrophils (b: PMN) 0, 1, 3, and 8 weeks after infection (0 weeks: uninfected baseline). Experiments were performed with male C3H/HeN mice infected with 1 × 10 4 GCB726. The percentage of total WBCs that were PMNs is indicated by dashed lines plotted on the right y-axis. Blood counts for other WBC types are provided in Figure S3b We also noted that many of the cytokines that were less abundant in sera of infected HFD mice are macrophage-produced (Figure 4f -g) (McNelis & Olefsky, 2014; Varol, Mildner, & Jung, 2015) , suggesting that attenuated systemic cytokine production in these animals was possibly due, at least in part, to macrophage dysfunction. To test this hypothesis, we measured cytokines produced by peritoneally recruited macrophages (PMs) from infected mice and mock controls ( Figure S5 ).
The majority of cytokines were significantly reduced for PMs from infected HFD mice ( Figure S5a) , and many individual cytokines that were less abundant in sera of infected HFD animals (Figure 4f -g) were also produced less abundantly by PMs from these mice ( Figure S5 ).
This suggested that macrophage dysfunction was likely central to attenuated systemic cytokine responses to infection in DIO.
| B. burgdorferi infection-dependent suppression of neutrophil and macrophage bacterial uptake in DIO
In DIO, neutrophilia in response to infection was attenuated and delayed ( Figure 3b ), and many serum cytokines that were not normally upregulated in response to B. burgdorferi infection were cytokines regulating neutrophil production, maturation, survival, recruitment, and activation (Figure 4c-g) (Bugl, Wirths, Müller, Radsak, & Kopp, 2012; Nauseef & Borregaard, 2014) . This prompted us to investigate whether DIO affected neutrophil function-specifically B. burgdorferi uptake-as well as bacterial uptake by macrophages. Although neutrophil recruitment in DIO mice was not impaired ( Figure S6a) , This effect was primarily due to reduced bacterial uptake efficiency in macrophages from infected HFD mice, because B. burgdorferi- . Raw values are shown in a, c, and e. Uptake in mock-infected and infected high-fat diet (HFD) groups normalized to uptake by age-and infection-matched normal diet (ND) controls are shown in b, d, and f. (g-h) Ex vivo E. coli killing by BMDMs. g: raw data. h: killing in mock-infected and infected HFD groups normalized to killing by age-and infection-matched ND controls. For all experiments, neutrophils and macrophages were obtained from male C3H/HeN mice 1 and 8 weeks after inoculation with bacterial cultivation medium alone (mock) or 1 × 10 4 GCB726 (infected). N ≥ 9, 12, and 9 mice per diet and infection group at each time point for PMN, PM, and BMDM experiments, respectively. Summary values are mean ± standard error of the mean (SEM). * indicates p < 0.05 HFD versus ND within infection group and time point. † indicates p < 0.05 infected versus mock within diet group and time point. # indicates p < 0.05 8 versus 1 week within diet and infection group.^indicates p < 0.05 versus ND mock 1 week elicited global cytokine production in these cells was not impaired compared to ND controls after adjustment for differences in uptake efficiency (Figure 6c ). At 1 week post-inoculation, production of 44% and 81% of individual cytokines was attenuated in HFD compared to ND groups for mock and B. burgdorferi-infected mice, respectively (Figure 6d) . By contrast, at 8 weeks post-inoculation, 0% of individual cytokines were attenuated in HFD versus ND groups for mockinfected animals, whereas in B. burgdorferi-infected mice production of 75% of cytokines was attenuated in HFD compared to ND animals ( Figure 6e ). As for serum cytokines (Figure 4i ), cytokine production by macrophages from infected HFD mice at both 1 and 8 weeks postinfection was significantly less pro-inflammatory than cytokine production by macrophages from infected ND mice (Figure 6f-g) , due to reduced TNF-α production, but not increased IL-10 secretion (Figure 6d-e ). Therefore, B. burgdorferi infection and DIO cooperatively suppressed macrophage cytokine production in response to B. burgdorferi, and this effect became more pronounced as infection progressed. Here, we report that cooperative and synergistic suppression of innate immune responses by DIO and B. burgdorferi infection together progressively impairs B. burgdorferi clearance from tissues and increases the severity of Lyme carditis. We found recently that severe obesityindependent hyperglycemia is also associated with impaired B. burgdorferi tissue clearance and uptake by neutrophils (Javid et al., 2016) . However, unlike the results reported here, obesity-independent hyperglycemia does not increase the severity of inflammatory pathology in B. burgdorferi infection and does not act synergistically or cooperatively to suppress innate immune responses (Javid et al., 2016) .
This, together with our observation that DIO was associated with only mild hyperglycemia, suggest that DIO exerts distinct and more severe, wide-ranging effects on the outcomes of B. burgdorferi infection and host immune responses than hyperglycemia alone.
In humans, obesity is associated with disruption of host immune responses and increased morbidity and mortality due to infection with a range of viruses and bacteria (Hegde & Dhurandhar, 2013; Dhurandhar et al., 2015) . DIO is the mouse model of obesity that is thought to most closely approximate human obesity and metabolic syndrome (Hegde & Dhurandhar, 2013) . However, the effects of DIO on infection susceptibility and immune responses to bacterial infection in mouse DIO models are surprisingly under-investigated. Our results are consistent with previous reports of the effects of DIO on infection with S. aureus and the periodontitis-associated bacterium P. gingivalis, which found increased bacterial burden and disease pathology in DIO, suppressed neutrophil uptake and killing of S. aureus, and blunted macrophage production of pro-inflammatory cytokines in response to P. gingivalis Yano et al., 2012) . Our results also indicate that bacterial infection and DIO together synergistically and cooperatively suppress neutrophil-and macrophage-based responses at later infection stages than the early acute phase investigated in previous studies and that DIO and B. burgdorferi infection together can suppress macrophage killing of an unrelated bacterium. These observations are particularly intriguing in light of recent evidence that B. burgdorferi infection in normal weight mice suppresses long-lived antibody responses to itself and antiviral vaccination (Elsner, Hastey, Olsen, & Baumgarth, 2015) . Our results indicate that B. burgdorferi infection can also suppress non-adaptive immunity, at least in the context of DIO, and that innate immune responses play an ongoing role in controlling B. burgdorferi burden as infection progresses. They also suggest the possibility that immune responses to unrelated bacteria may be disrupted in obese B. burgdorferi-infected hosts.
The major phenotypic outcomes of B. burgdorferi infection in DIO in our studies were elevated bacterial DNA burden in heart and other tissues, increased carditis severity in groups where heart burden was elevated, and deficient neutrophil and macrophage B. burgdorferi uptake. B. burgdorferi-responsive macrophage cytokine production was attenuated and less pro-inflammatory at late infection stages, even after adjustment for differences in bacterial uptake efficiency; however, the primary underlying deficiency in cytokine production was likely impaired bacterial internalization in infected mice with DIO. Increased B. burgdorferi burden in heart accompanied by more severe carditis pathology is relatively atypical in studies investigating the contributions of different immune cell types and pathways to B. burgdorferi infection and pathogenesis. It has previously been observed for mice deficient in iNKT cells, IFN-γ receptor, CD14, CR3, and macrophage-specific p38MAPK (Benhnia et al., 2005; Olson et al., 2009; Kelly L. Hawley, Olson, et al., 2012a; Kelly Hawley, Navasa, et al., 2012b) . Complement-dependent B. burgdorferi uptake, which was impaired in our studies, is dependent on CR3 and CD14 (Cinco, Murgia, Presani, & Perticarari, 1997; Garcia, Murgia, & Cinco, 2005; Shin et al., 2009; Kelly L. Hawley, Olson, et al., 2012a; Hawley, Martín-Ruiz, Iglesias-Pedraz, Berwin, & Anguita, 2013) . CD14 plays a complex, possibly modulatory and/or threshold-sensing role in inflammatory responses in DIO, and is critical for the response to LPS, which is systemically elevated in DIO due to intestinal barrier disruption (Cani et al., 2007; Fernández-Real et al., 2011) . CR3 and CD14, together with p38MAPK, are also part of a pathway that restrains B. burgdorferi-responsive inflammatory cytokine production in macrophages (Sahay et al., 2009; Kelly L. Hawley, Olson, et al., 2012a; Kelly Hawley, Navasa, et al., 2012b; Hawley et al., 2013) . Finally, iNKT cells are also progressively depleted as obesity develops in response to HFD (Lynch et al., 2012) . The possibilities that the CR3/CD14/p38MAPK pathway and/or iNKT cell function may be disrupted in infected mice with DIO warrant further investigation.
Two unanticipated results of our studies were that B. burgdorferi infection induced weight gain at the same rate as HFD feeding and that there was considerable sexual dimorphism in the effects of DIO on B. burgdorferi clearance. One of several cytokines that were downregulated upon B. burgdorferi infection under normal dietary conditions was IL-1β, which is an important regulator of MAPK signaling, energy homeostasis, and obesity (Jin et al., 2013) . Changes in gut microbiota composition as well as certain viral and bacterial infections have been associated with obesity, although the direction of causality in these associations remains undefined (Hegde & Dhurandhar, 2013; Rosenbaum et al., 2015; Dhurandhar et al., 2015) . It is possible that weight gain in B. burgdorferi-infected animals was due to events such as IL-1β downregulation or a shift in their microbiota, but it is equally possible that factors like reduced physical activity due to infectionassociated discomfort or fatigue contributed to this phenotype.
Innate and adaptive immune responses are sexually dimorphic in humans, mice, and other animals, with female animals exhibiting more robust adaptive immunity, and innate immunity being more prominent in male animals; this results in sexually dimorphic outcomes in certain infections, as well as in DIO (Markle & Fish, 2014; Singer et al., 2015) .
Sexually dimorphic outcomes of B. burgdorferi infection have been reported in the clinical and epidemiological literature (Bennet & Berglund, 2002; Bennet, Stjernberg, & Berglund, 2007; Schwarzwalder, Schneider, Lydecker, & Aucott, 2010; Forrester et al., 2014) Finally, we also found that impairment of B. burgdorferi clearance in DIO was TLR4-dependent, especially in brain and liver, that in mice are typically only infected in animals with severe combined immunodeficiency (Schaible et al., 1990; Barthold, Sidman, & Smith, 1992) . TLR4 senses dietary lipids and LPS, and liver and brain are major sites regulating TLR4-dependent induction of systemic inflammatory responses in DIO (Jin et al., 2013; Jia et al., 2014; Morari et al., 2014) .
B. burgdorferi infection in young mice under normal dietary conditions is not controlled by TLR4 but by TLR2, which also senses dietary lipids (Weis & Bockenstedt, 2010; Jin et al., 2013; Cervantes et al., 2014; Petnicki-Ocwieja & Kern, 2014) . However, macrophages from TLR4deficient C3H/HeJ mice produce significantly less TNF-α than those from C3H/HeN animals, the TLR4 agonist LPS suppresses B. burgdorferi-responsive TNF-α production by human blood cells, and B. burgdorferi exposure attenuates macrophage TNF-α production in response to LPS in a TLR2-dependent fashion (Diterich, Härter, Hassler, Wendel, & Hartung, 2001; Diterich, Rauter, Kirschning, & Hartung, 2003; Glickstein & Coburn, 2006) . Thus, TLR4 clearly modulates immune responses to B. burgdorferi, even if these responses are primarily TLR2-dependent. Prolonged exposure to TLR4 and TLR2 agonists, as well as TNF-α, can induce macrophage hyporesponsiveness to subsequent challenge with TLR4 and TLR2 agonists, a phenomenon referred to as tolerance or cross-tolerance (Park, Park-Min, Chen, Hu, & Ivashkiv, 2011; Seeley & Ghosh, 2013) 
| Animals
Animals were housed in environmentally enriched pathogen-free conditions with ad libidum access to water and food in groups of 2-3 per cage during dietary preconditioning (8 weeks for C57BL/6 and 12-14 weeks for C3H mice) and transferred to appropriate Level 2 animal containment quarters within the same facility 1 week before infection. 
| Dietary conditioning
As summarized in Figure S1a 
| Body weight and plasma glucose measurements
Body weight and peripheral non-fasting plasma glucose concentrations were monitored throughout study duration as described (Javid et al., 2016) . Mice were considered obese if weight of HFD fed animals was 25% greater than age-matched controls and hyperglycemic when blood glucose was greater than 13 mmol/L (Birk et al., 2014) .
| B. burgdorferi strains and infections
Unless otherwise indicated in figure legends, all infections were performed with male C3H/HeN mice subcutaneously needle-inoculated with 1 × 10 4 B. burgdorferi GCB726 at the lumbar dorsal midline or cultivation medium alone (mock). Studies were conducted with low passage B. burgdorferi strains GCB726 (B31 5A4 NP1, ospC-type A), N40
(ospC-type E), 297 (ospC-type K), and BL214 (ospC-type B) (Wormser et al., 2008; Moriarty et al., 2008; Petzke & Schwartz, 2015) .
B. burgdorferi freshly inoculated from frozen stocks were cultivated in BSK-II medium prepared in-house (Barbour, 1984) containing 6% rabbit serum (Cedarlane Laboratories Ltd, Burlington, ON, Canada) and 100 μg/ml gentamycin (GCB726 only: Bioshop Canada, Burlington, ON), and incubated to log phase at 36°C, 1.5% CO 2 .
| Tissue harvesting
Blood for complete blood count (CBC) and serum cytokine analysis was collected from anesthetized animals via cardiac puncture with 1 ml 25G syringes coated with 20 μl 100 U/ml heparin or 4% sodium citrate (Sigma Canada, Oakville, ON). All other tissues (bladder, brain, ear, heart, knee joint (patella), liver, lung, tibiotarsal joint, and skin) were harvested immediately post-euthanasia. Tissues for histological analysis were placed in 10% buffered formalin (Sigma), which was replaced within 24 hr with fresh formalin. Tissues for qPCR measurement of flaB copy number were quick-frozen on dry ice and stored at −80°C until processing. Tissues for cultivation of viable bacteria were immediately placed in cultivation medium. BMDMs and peritoneally recruited neutrophils and macrophages were obtained in separate experiments from those used for CBC and serum cytokine analysis, histology, cultivation of viable bacteria, and qPCR analysis, as described below.
| Isolation of peritoneally recruited neutrophils and macrophages
As described (Javid et al., 2016) , peritoneally recruited neutrophils were obtained by peritoneal lavage 2-3 hr after intraperitoneal injection with 1 ml of 5 mM sodium periodate. Neutrophils were counted using a Z1 Coulter particle counter (Beckman Coulter, Fullerton, CA, USA). PMs were obtained by peritoneal lavage 24 hr after intraperitoneal injection of 1 ml of filter-sterilized 1% brewer's thioglycollate 
| Bone marrow monocyte isolation and macrophage differentiation
Tibias and femurs were excised and cleaned following field sterilization with 70% ethanol. Epiphyses were removed, and bone marrow was flushed using 5 ml of nucleoside-free αMEM containing L-glutamine (Life Technologies, Toronto, ON, Canada). Bone marrow from the long bones of each mouse was homogenized with a 20G needle, and singlecell suspensions were centrifuged for 5 min at 370 × g, resuspended in 12 ml of αMEM containing 10% heat inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin (Life Technologies), plated in a T75 tissue culture flask, and incubated overnight at 37°C 5% CO 2 .
Non-adherent cells (monocytes) were plated in an uncoated 10-cm bacteriological plate, and 1 μg/ml M-CSF was added to each dish on the day of plating and 48 hr after plating. Differentiated macrophages were collected for experiments 48 hr after the last M-CSF addition.
4.9 | B. burgdorferi cultivation from tissues Tissues (~3 mm 2 ) or 100 μl blood from infected mice were incubated in complete BSK-II medium supplemented with 100 μg/ml gentamycin (GCB726 only), 20 μg/ml phosphomycin (Sigma), 50 μg/ml rifampicin, and 2.5 μg/ml amphotericin (Bioshop) for 1-4 weeks. Following incubation, tissues were identified as positive or negative based on the presence or absence of Borrelia detected in media by dark-field microscopy. One piece of each tissue was cultivated in a single (non-replicate) culture for each sample. 4.10 | Quantitative PCR measurement of bacterial DNA copy number in tissues Isolation of total DNA from tissues using Qiagen DNeasy kits (Toronto, ON, Canada), qPCR measurement of flaB DNA copy number, and normalization of copy number to total DNA in extracted samples were performed as described (Moriarty et al., 2012; Javid et al., 2016) .
Duplicate plasmid DNA (pTM222) standards containing 10 1 -10 6 copies of the flaB amplification template were run alongside sextuplicate reactions for each tissue-extracted DNA sample, and standard curves calculated for each plate were used to calculate tissue sample flaB copy number. Mean copy number values calculated from the six technical replicates for each sample were used for subsequent analyses. Each plate contained negative control wells (DNeasy kit elution buffer AE).
Runs with R 2 values lower than 0.85 were repeated.
For qPCR analysis of tissue colonization, each tissue from each mouse was designated as negative (0%) if the average copy number/ sample was ≤1. Samples with an average flaB copy >1 were designated as positive (100%). The percentage of tissues/mouse, which were qPCR positive, was calculated by averaging the 0% and 100% values obtained for each tissue. To measure copy number in tissues and control for differences in DNA extraction efficiencies, average copy number for each sample was normalized to the concentration of total DNA in each sample.
| Carditis measurement
Scoring of inflammation by counting nuclei in five 100 mm 2 regions of interest in 2-3 hematoxylin-and eosin-stained sagittal heart sections was performed as described (Diebold et al., 1995; Javid et al., 2016) .
Numbers of nuclei were enumerated using a counting grid, and the average number of nuclei/region of interest in each section was calculated. Nuclei were counted in each atrium and ventricle and the heart apex. The majority of tissue included in each region of interest was derived from the myocardium.
| Complete blood count and serum cytokine analysis
CBC analysis of blood anti-coagulated with sodium citrate was performed by an IDEXX veterinary reference lab (Markham, ON, Canada), using a Sysmex Hematology Analyzer Model XT2000V (Mississauga, ON, Canada). Cytokine analysis was performed using mouse sera or supernatants from PMs using a Bio-Plex Pro Mouse Cytokine 23-plex kit (Bio-Rad Laboratories, Mississauga, ON, Canada) by the Analytical Facility for Bioactive Molecules (Sick Kids Hospital, Toronto, ON, Canada). PM supernatants for cytokine analysis were obtained from the same experiments in which ex vivo B. burgdorferi uptake by PMs was measured, as described below. Basal cytokine production was measured in the same experiments for PMs incubated without B. burgdorferi. Supernatants were centrifuged at 4,696 × g for 20 min then filtered-sterilized using a 0.20-μm filter to remove bacteria, and frozen at −80°C until analysis. Bioplex assays were performed in technical duplicate using samples that were thawed only once before analysis.
| Neutrophil bacterial uptake assays
Uptake of E. coli DH5α cultured overnight at 37°C in LB broth and log phase GCB726 B. burgdorferi by peritoneally recruited neutrophils was performed as described (Javid et al., 2016) . Bacteria (3 × 10 6 and 1 × 10 7 E. coli and B. burgdorferi, respectively) were complementopsonized with 5 μl pre-immune serum from isogenic ND mice for 30 min at 37°C/5% CO 2 (E. coli) or 36°C/1.5% CO 2 (B. burgdorferi) .
Complement-opsonized bacteria were added to 1 × 10 6 neutrophils in RPMI medium (Sigma) supplemented with 5% FBS at multiplicities of infection (MOIs) of 3:1 and 10:1 for E. coli and B. burgdorferi, respectively. Bacteria were co-incubated with neutrophils for 1 hr at 37°C/ 5% CO 2 (E. coli) or 16 hr at 36°C/1.5% CO 2 (B. burgdorferi). Dilutions of E. coli co-incubations were plated on LB plates incubated for 16 hr at 37°C, followed by counting of colony forming units. Numbers of intact B. burgdorferi remaining following neutrophil co-incubation were counted using a Petroff-Hauser counting chamber. Numbers of E. coli colony forming units and intact B. burgdorferi for neutrophil co-incubations were normalized to numbers of input bacteria mock-incubated in the absence of neutrophils to determine percentages of bacteria which were killed (E. coli) and taken up (B. burgdorferi) by neutrophils.
| Bacterial uptake assays for peritoneally recruited and bone marrow derived macrophages
Freshly isolated PMs were seeded at 1 × 10 6 cells/well in six-well tissue culture plates and allowed to adhere for 2 hr at 37°C/5% CO 2 before bacterial uptake assays. Differentiated BMDMs were incubated for 10 min in PBS containing 5 mM EDTA, collected by gentle scraping, centrifuged for 10 min at 300 × g, resuspended in antibiotic-free αMEM containing 10% FBS and 1 μg/ml M-CSF, plated at 1 × 10 6 cells/well, and incubated for 24 hr at 37°C/5% CO 2 before bacterial uptake assays. For both PMs and BMDMs, media were replaced with fresh, antibiotic-free αMEM containing 10% FBS immediately before bacterial uptake assays.
Cultivation and complement-opsonization of bacteria for macrophage uptake assays were performed as described for neutrophil uptake assays, as was quantification of % survival and % uptake relative to mock-treated input controls. Bacteria were co-incubated with 1 × 10 6 macrophages in 1 ml of antibiotic-free αMEM containing 10% FBS at 37°C/5% CO 2 . E. coli were co-incubated with macrophages at an MOI of 3:1 for 1 hr. B. burgdorferi were co-incubated with macrophages at an MOI of 10:1 for 2 hr.
| Statistical analysis
Statistical analysis was performed using GraphPad Prism v.6.0 graphing and statistical analysis software (GraphPad Software, La Jolla, CA, USA). Specific statistical tests used in each experiment are indicated in figure legends.
